Potassium channels that exhibit the property of inward rectification (Kir channels) are present in most cells. Cloning of the first Kir channel genes 25 years ago led to recognition that inward rectification is a consequence of voltage-dependent block by cytoplasmic polyamines, which are also ubiquitously present in animal cells. Upon cellular depolarization, these polycationic metabolites enter the Kir channel pore from the intracellular side, blocking the movement of K ؉ ions through the channel. As a consequence, high K ؉ conductance at rest can provide very stable negative resting potentials, but polyaminemediated blockade at depolarized potentials ensures, for instance, the long plateau phase of the cardiac action potential, an essential feature for a stable cardiac rhythm. Despite much investigation of the polyamine block, where exactly polyamines get to within the Kir channel pore and how the steep voltage dependence arises remain unclear. This Minireview will summarize current understanding of the relevance and molecular mechanisms of polyamine block and offer some ideas to try to help resolve the fundamental issue of the voltage dependence of polyamine block. 2 The abbreviations used are: TMD, transmembrane domain; CNG, cyclic nucleotide-gated; EK, potassium reversal potential.
Physiology of inward rectifier potassium channels
Voltage-dependent changes in the conductance of K ϩ , Na ϩ , and Ca 2ϩ channels underlie the electrical signals or action potentials that are essential to all excitable processes, and indeed to life itself (1) . Physiologically, intracellular [K ϩ ] is ϳ140 mM, whereas extracellular [K ϩ ] is only ϳ4 mM. As a consequence, K ϩ -selective conductances normally reverse at negative voltages and exhibit larger outward currents (at voltages positive to the reversal potential) than inward currents (at voltages negative to reversal) as illustrated in Fig. 1A . "Inward" or "anomalous" rectification refers to the phenomenon whereby K ϩ conductance is paradoxically reduced at positive potentials. It is a prominent feature of one major subfamily of K ϩ channels, the so-called "inward rectifier" (Kir) channels that are present in almost all cells (2) . The functional role of Kir channels depends critically on the degree of inward rectification that they exhibit. Classical strong inward rectification, first de-scribed in skeletal muscle (3) , is a property of a key current (IK1) in cardiac myocytes, as well as in glial cells and neurons in the central nervous system (4 -7) . Rectification of these channels is sufficiently strong that very little current flows at potentials positive to about Ϫ40 mV. In the heart, the high-potassium conductance at negative voltages ensures a very stable resting potential, but inward rectification results in suppression of conductance at depolarized potentials, allowing for the normally long plateau potentials that ensure a long refractory period and suppression of cardiac arrhythmias (8) . In contrast to classical inward rectifiers, renal Kir channels (9) and ATP-sensitive K ϩ (K ATP ) channels, present in multiple cell types (10) , display only "weak" rectification and allow substantial outward current to flow at positive potentials. Between the two extremes, potassium channels showing intermediate rectification properties, many of these channels being strongly dependent on ligand activation, often through G-proteins or other second messenger systems, are particularly prominent in the brain (2) .
Cloning of the first Kir channel genes in 1993 (11, 12) led to the elucidation of the structural components of each of the major types of inward rectifier channels, as well as the molecular basis of inward rectification. This Minireview represents a personal review of this 25-year effort, highlighting the remaining unknowns. For further insights, the reader is recommended to other detailed reviews (2, 13, 14) .
Structure of inward rectifier channels
Over the last 15 years, high-resolution crystal structures of bacterial and eukaryotic Kir channels have revealed a highly conserved architecture: Kir channels are generated by tetrameric arrangements of identical or similar Kir subunits, each of which comprises a transmembrane domain (TMD) 2 and a large cytoplasmic domain ( Fig. 1B) (15) (16) (17) . The TMD is conserved in overall structure throughout the potassium channel family (18) and includes two membrane-spanning ␣-helices (the outer and inner helices, termed M1 and M2, respectively) (19, 20) , connected by an extracellular turret region, a short pore helix, and the ion selectivity filter. The selectivity filter (Fig. 1B, SF) at the outer end of the channel generates the narrowest part of the pore that contains four selective binding sites for K ϩ ions. Below the selectivity filter, the inner M2 helices line the "inner cavity" continuation of the pore. Below that, the cytoplasmic (Kir) domain, unique to Kir channels and consisting primarily of multiple ␤-sheets, lines a long extension of the pore (the cytoplasmic pore) below the transmembrane region through which permeant ions and blockers must pass ( Fig. 1B) . Although the cytoplasmic pore region is generally quite wide (Fig.  1B) , and ions are likely to be fully hydrated within it, there is a narrowing at what is termed the "G-loop," potentially an additional location of channel gating (21, 22) .
Mechanism of inward rectification

Pore-block by internal cations
We have a clear picture of the physically distinct processes that underlie voltage-dependent transitions of the depolarization-activated Kv, Na ϩ , and Ca 2ϩ channels. Following activation, current declines, a process referred to as "inactivation," which involves blocking of the pore by a positively charged ] outside), electrodiffusive conductance through a K ϩ -selective pore would result in large outward currents at positive potentials (top, dashed line). Inward rectification refers to decreasing currents at more positive voltages, with either a weak voltage dependence (top, yellow line) or strong voltage dependence (red line). The voltage dependence is assessed as the current relative to the unblocked or nonrectifying current (relative conductance, Grel) as a function of voltage (bottom). B, structure of Kir channels. Two opposing (a and c) subunits of Kir2.2, resolved at 2.8 Å (75) (Protein Data Bank code 5KUM) are visible, with the other two (b and d) subunits hidden, to show the ion-permeable pore of the channel. The pore is lined by distinct selectivity filter (SF), transmembrane inner cavity, and cytoplasmic pore regions. Residues that control polyamine-induced rectification in Kir2.1 are indicated (red), as well as residues that induce strong rectification when an acidic substitution is introduced in Kir6.2 (yellow). All residues are numbered according to Kir2.1 sequence. C, alignment of strong (Kir2.1 and Kir4.1) and weak (Kir1.1 and Kir6.2) Kir channel members. Representative members of Kir channel subfamilies are aligned between residues 100 and 320 (in Kir2.1). Note conservation of negative residues at the rectification controller in strong inward rectifier Kir2.1 and Kir4.1 and variable conservation of other key pore-lining negative residues.
THEMATIC MINIREVIEW: Polyamines and potassium channels cytoplasmic "ball" domain that gains access to its binding site after the channel has opened (23, 24) . Parallels between the voltage-dependent inactivation of Kv channels and rectification of Kir channels first led Armstrong (25) to hypothesize that inward rectification might also arise from a fundamentally similar process, i.e. that inward rectification might result from a positively charged substance blocking the channel in a voltage-dependent manner, from the internal side of the membrane. Mg 2ϩ and Na ϩ ions were subsequently shown to cause such effects in weak inward rectifier K ATP channels (26, 27) and in cardiac inward rectifier channels (28) , but a seemingly intrinsic and much more steeply voltage-dependent process was clearly a dominant cause of strong inward rectification in IK1 and other strong inward rectifier channels (29 -31) .
Polyamines as the cause of steeply voltage-dependent "intrinsic" rectification
The first members of the Kir channel subfamily were cloned in 1993, Kir1.1 (12) and Kir2.1 (32) . This was rapidly followed by cloning of multiple additional representatives of ultimately all seven Kir subfamilies (2) . The availability of cloned Kir channels in the Kir2 subfamily (which encodes the classical cardiac inward rectifier (33, 34) ) permitted high-level expression in endogenous system, and facilitated the discovery of polyamines as the agents of strong inward rectification (35) (36) (37) . In macro-patch experiments on strong inward rectifier channels expressed in Xenopus oocytes, we first showed that rectification gradually disappears after patch excision into divalent ion-free solutions (35) , as earlier reported in cardiac IK1 channels (38). Strikingly, however, strong rectification was restored by placing excised membrane patches close to the surface of the oocyte, suggesting that soluble intrinsic factors released from the oocyte might be the cause of the rectification. Size-and charge-exclusion chromatography (35) indicated that the active agents were small polycationic organic amines, and HPLC confirmed that the naturally occurring polyamines (spermine, spermidine, and putrescine) are indeed released from the oocyte (35) (subsequently demonstrated to be through connexin hemi-channels (39)). Critically, application of micromolar levels of these polyamines to inside-out membrane patches is sufficient to restore all the essential features of classical inward rectification ( Fig. 2A) (35, 36, 40, 41) . The voltage dependence of the spermine and spermidine block is markedly steeper than Mg 2ϩ block (35, 36, 40, 41) , which explains why classical "intrinsic" inward rectification is much steeper than that predicted by Mg 2ϩ block alone. The same essential nature of polyamine-induced rectification has since been demonstrated in all the Kir2 (34, (42) (43) (44) , Kir3 (45) , and Kir4 (46, 47) subfamily members that exhibit strong rectification physiologically. Members of the Kir1 and Kir6 subfamilies exhibit only shallow inward rectification, shown to be a consequence of only weakly voltage-dependent and low potency (millimolar sensitivity) block by Mg 2ϩ and polyamines (27, 37, 48, 49) .
In search of the voltage dependence of polyamine action: The appeal of the "long pore plugging" concept
The steepness of the voltage dependence of polyamine block increases roughly in direct equivalence to the charge on the polyamine itself, from ϩ2 (putrescine 2ϩ ) to ϩ3 (spermidine 3ϩ ) to ϩ4 (spermine 4ϩ ) (35, 36) , although it can be even higher. External potassium ions relieve polyamine-dependent rectification by increasing the apparent polyamine off-rate (43), as Left, Grel versus voltage plots for Kir2.3 currents in the presence of 250 M spermine 4ϩ (SPM), spermidine 3ϩ (SPD), or putrescine 2ϩ (PUT). Note that both potency and steepness of the voltage dependence increase as the polyamine size and charge increase. Right, Grel versus voltage plots for Kir2.3 currents in the presence of increasing spermine concentrations (25, 50, 100, 150, and 250 M). The Grel-V m curves shift in parallel. Note that there is both a shallow and steep component to the voltage dependence for spermidine and spermine. B, left, "long pore plugging" model of polyamine-dependent rectification. Shallow rectification is assumed to arise from movement of the polyamine into the cytoplasmic cavity (pale site), up to the entrance to the inner cavity, potentially carrying some polyamine charge into the electric field. Steep rectification is assumed to arise from movement of the polyamine deep into the pore, between the rectification controller and the selectivity filter (dark site), with substantial polymine charge moving across the field and displacing K ϩ ions from the filter in the process. Center, "extended pore-filing" model of polyamine-dependent rectification. Shallow rectification is assumed to arise from movement of the polyamine into the cytoplasmic cavity (pale site), in the process "pushing" on a "chain" of K ϩ ions that extends through the selectivity filter. Steep rectification is assumed to arise from forward movement of the polyamine toward the rectification controller (dark site), moving up to four or five K ϩ ions through the selectivity filter in the process. Right, "cavity-trapping" model for polyamine-dependent rectification. We propose a new hybrid model that may reconcile objections to earlier models. Shallow rectification is again assumed to arise from movement of the polyamine into the cytoplasmic cavity (pale site), potentially displacing K ϩ ions into the inner cavity. The charge associated with block, determining how steep rectification will be, is determined by the net charge on the wall of the inner cavity. With four negative charges at the rectification controller, there will be four K ϩ counterions present. Steep rectification is then assumed to arise from movement of the polyamine into the inner cavity, through a narrow single filing region at the entrance, in the process displacing these K ϩ ions into and through the selectivity filter.
THEMATIC MINIREVIEW: Polyamines and potassium channels expected for a channel blocker that interacts with permeant ions within the pore. As a linear molecule, spermine is very long (almost 20 Å long), compared with a K ϩ ion, but of similar diameter (ϳ3 Å). It was an obvious possibility that, in blocking Kir channels, spermine lies along the pore axis, binding at multiple sites that would otherwise be occupied by K ϩ ions. Our original conception was that the polyamine would enter deeply into the pore, entering what we now recognize as the selectivity filter, which is otherwise occupied by two or more K ϩ ions (18, 50) , thereby achieving the necessary voltage dependence by moving essentially all four spermine charges through the electric field-what we termed "long-pore plugging" (Fig. 2B) .
Close inspection revealed that spermine block of Kir2 subfamily channels also includes a shallow voltage-dependent component at more negative voltages ( Fig. 2A) , which suggested a second blocking component, perhaps within the cytoplasmic pore ( Fig. 2B) (40, 51) . We originally proposed two concentration-dependent binding reactions (i.e. two polyamines independently entering the channel pore), and a voltage-dependent transition deep within the electric field to account for the steep voltage-dependent component of spermine-induced rectification (40) .
In this earliest conception, based on the original pore-blocking model of Woodhull (52) , the voltage-dependent block results from the movement of the charged blocker itself into the electric field; interactions of the blocking particle with permeant ions are ignored. If the channel was blocked by only one spermine molecule, but the entering spermine molecule had to sweep out permeant ions to reach its binding site, excess charge movement could result, as first pointed out by Ruppersberg et al. (53) , and hence the voltage dependence of the block at a selectivity filter site could be underestimated.
In search of the voltage dependence of polyamine action: Insights from channel structures
The Kir channel permeation pathway has now been elucidated in exquisite detail (Fig. 1B) , and many mutations that affect polyamine blocking have been identified ( Fig. 1A ). Aspartate 172, located in the M2 region of Kir2.1, was the first residue implicated in the classical inward rectification of these channels. Subsequent mutational analyses showed that this residue is a major determinant of both polyamine-blocking affinity and voltage dependence (35, 37, 51, 54) . Neutralization of this residue in Kir4.1 reduces apparent affinity for both Mg 2ϩ and spermine by 5 orders of magnitude (37) . Conversely, introduction of a negative charge at the equivalent site induces strong rectification in otherwise only weakly rectifying Kir1.1 and Kir6.2 channels (48, 49) ; hence, this residue has been termed the "rectification controller." However, the rectification controller does not exert an "all-or-none" effect. Some Kir channels that exhibit relatively strong rectification lack an acidic residue at this position (e.g. Kir3.2), and rectification is weakened but not lost in Kir2.1[D172N] mutant channels (54 -56) . Importantly, strong rectification can be induced in both Kir6.2 and Kir2.1 not just when acidic residues are introduced at the rectification controller residue but at any pore-facing location in the inner cavity ( Fig. 1B) (56, 57) . It is thus generally agreed that polyamines must directly interact with or sense the charge at this site, but as discussed below, it is controversial whether this is as far as the spermine gets or whether this residue determines how much further the spermine travels in the blocking process. Compelling support for the idea that the spermine actually reaches beyond the rectification controller is provided by experiments showing that spermine occupancy of the deep site can protect against methyl thiosulfhydryl modification of cysteine residues introduced one helix turn above, but not one helix turn below, the rectification controller (58, 59) , as well as in silico docking experiments that indicate stable spermine binding at the top of the inner cavity and entrance to the selectivity filter in Kir channel model structures (58) .
Multiple other residues in pore-lining regions of the Kir domain have also been shown to be important for polyamine block (Fig. 1B) , including two (Glu-224 and Glu-299 in Kir2.1) that create a ring of negative charge near the top of the cytoplasmic pore ( Fig. 1B) (19, 20) . When these residues are neutralized, the rate of block is slowed (56, 60, 61) , and the apparent affinity of the deepest site is reduced (51, 56, 60, 62, 63) . In addition, two more acidic pore-lining residues (Asp-255 and Asp-259), which form a second ring of charge closer to the cytoplasmic end of the channel (21), as well as a neighboring aromatic residue (Phe-254 in Kir2.1) (64), also contribute to polyamine block (Fig. 1B) . At least for this lower negative charge ring, the primary effect of neutralizing these residues is on the rates of polyamine entry and exit to deeper sites within the pore (64 -66) , rather than on affinity, but still it seems clear that multiple potential locations exist where spermine could reside as part of the deep blocking process. Within the narrow confines of the channel pore, it is likely that bulk electrostatics will not apply and that significant long-range electrostatic effects are possible (67), but these cytoplasmic pore-lining charges are likely to be too far from the Asp-172 site for a single bound spermine ion to directly contact both (Fig. 1B) . As discussed below, these structural features of rectification have led to a second model of inward rectification, which we will term the "extended pore filing" model, to explain the uniquely steep voltage-dependent block that is the essential feature of strong inward rectification.
In search of the voltage dependence of polyamine action: The appeal of the "extended pore filing" concept
Polyamine analogs of different lengths and valences highlight the fact that movement of charged polyamines through the transmembrane field cannot solely account for the steeply voltage-dependent rectification of Kir2.x channels. Diamino alkanes, with hydrocarbon length from 4 (putrescine, 1,4-diaminobutane) up to 12, all cause voltage-dependent rectification (68) . Putrescine blocks with an effective valence of ϩ2, but as the hydrocarbon chain length increases, the effective valence of channel block increases up to the same steep voltage dependence as the spermine block (i.e. equivalent to ϩ4 -5 elementary charges) in 1,12-diaminododecane, which has a similar length to spermine (68) . Because these diamines all carry only two charges, blocker migration across the electric field clearly cannot then fully account for the steep voltage dependence that is observed. Observations such as these add to the argument that at least some of the voltage dependence of the polyamine THEMATIC MINIREVIEW: Polyamines and potassium channels block must arise from displacement of potassium ions by the migrating polyamine as it approaches a binding site deep within the Kir pore, "pushing" charge carried by K ϩ ions through the pore, and that shorter blockers might not migrate as deeply into the channel pore as longer blockers, thereby displacing fewer ions as they reach their binding site (56, 68) .
Interestingly, despite their considerably higher charge, extended polyamine analogs with up to 10 amines do not exhibit any steeper voltage dependence than spermine (59, 69) . This is also consistent with the notion that the effective valence associated with polyamine block does not depend on movement of the entire blocker through the transmembrane field, but rather the coupled displacement of permeant K ϩ ions as the blocker migrates to its maximal depth within the pore. In addition, modification of the terminal amines of spermine or other polyamine analogs typically results in weakening of blocker affinity but not of the effective charge associated with the block (58, 70) .
The recognition that the Kir cytoplasmic domain extends the Kir channel pore into the cytoplasm raised the possibility that there could be an extended chain of permeant ions connecting the selectivity filter potassium ions through the inner cavity ion to additional ions in the cytoplasmic pore (15) . If so, polyamines entering the cytoplasmic pore could "push" the chain, resulting in ions at the head moving through the filter and carrying the necessary charge associated with block across the electric field, without a need for the polyamine itself to enter the electric field. As originally envisioned (15, 56) , such coupled movement of polyamines and potassium ions through the pore requires that that the ions move in single file. As subsequent mutagenesis studies indeed implicated charged residues closer to the cytoplasmic side of the channel in controlling the voltage dependence of rectification, Lu and co-workers (56, 64, 66, 70, 71) have championed this "extended pore filing" model ( Fig. 2B) , proposing that, even in its deepest site, spermine is located below the rectification controller, outside the electric field, with essentially all of the voltage dependence of rectification resulting from spermine "pushing" the chain of K ϩ ions forward, and in the process moving four or more K ϩ ions across the filter and through the electric field.
In search of a unifying model for inward rectification: The contradictory issues
The two models described above are based on distinct conceptions of the nature of the charge movement associated with polyamine block and location of the polyamine within the Kir channel pore. They can each account for specific features as described above, but there are experimental findings that are not readily accounted for by either. The "long pore plugging" model, in assuming that steep voltage dependence arises from the polyamine reaching the selectivity filter, cannot easily account for the finding that charges far from this location (i.e. Glu-224) can affect steady-state spermine affinity. Moreover, as discussed below, no crystal structures have demonstrated spermine binding at the top of the inner cavity or in the selectivity filter of Kir channels. Conversely, the "extended pore filing" concept requires single ion filing to begin at the very bottom of the cytoplasmic pore. Xu et al. (64) noted that at the level of Phe-254, the pore is relatively narrow, potentially providing a "gasket" through which spermine can enter in single file, but this has not been tested further. More importantly, spermine can be trapped inside Kir channels that are closed at or near the M2 helix bundle crossing (72) , and strong rectification can be induced in Kir6.2 by introduction of a negative charge right at the entrance to the selectivity filter (57) , neither of which is trivially consistent with spermine residing between the cytoplasmic pore and the inner cavity.
Some resolution of the above issues may ultimately be provided by high-resolution structures that unambiguously identify the location of polyamines within the Kir channel pore. However, despite the availability of multiple Kir structures, blocker-bound structures have remained rather elusive. In 2010, Clarke et al. (73) first reported KirBac3.1 structures with spermine bound in the cytoplasmic vestibule or in the G-loop/ bundle crossing region, partially buried within subunit interfaces. Clarke et al. (73) also reported an axial spermine occupying the permeation pathway at residue Leu-124, corresponding to the rectification controller residue Asp-172 in Kir2.1. However, electrophysiological or other functional studies of the polyamine block of KirBac3.1 are lacking, and given that the rectification controller is a neutral residue in KirBac3.1, it seems unlikely that this channel will actually show strong rectification (74) . Hence, the ultimate relevance of these prokaryotic channel structures to strong inward rectification in eukaryotic Kir channels is not entirely clear. Unfortunately, subsequent high-resolution crystal structures of eukaryotic Kir2.2 and Kir3.2, which are both bona fide strong inward rectifiers, in numerous states and with multiple ligands bound (19, 20, 22, 75) , have singularly failed to show bound polyamines. In our own laboratory, we have obtained sub-3 Å resolution structures of Kir2.2 in the presence of even very high spermine concentrations, but we still have not observed unambiguous spermine densities. Why not? Polyamines also cause inward rectification of AMPA/kainate receptors (102) , and recent cryoEM structures of AMPA receptors (76) directly demonstrate binding sites for spermine and related spider toxin and adamantine derivatives. In this case, the blockers reside very deeply within the pore, essentially filling the selectivity filter itself, providing a ready explanation for the steep voltage dependence of block by "long pore plugging" in these channels, with a combination of blocker entry into the filter and displacement of permeant ions.
In search of a unifying model for inward rectification: A potential solution?
One poorly explained aspect of inward rectification just might hold a clue to the explanation. Spermine and other polyamines also block cyclic nucleotide-gated (CNG) channels, structurally related in the transmembrane region to Kir channels but lacking the Kir domain. CNG channel block exhibits a very prominent U-shaped voltage dependence, in which spermine block is steep and potent, as in Kir channels, but is completely relieved at more positive voltages, resulting in an N-shaped current-voltage relationship (77) . This is most reasonably explained as resulting from a voltage-dependent permeation, or "punch-through," of the polyamine through the THEMATIC MINIREVIEW: Polyamines and potassium channels channel. Despite the very high potency and voltage dependence of polyamine block of Kir channels, many also exhibit what is clearly an incomplete block at the most positive voltages. This has usually also been interpreted as resulting from a finite rate of permeation of the polyamine through the channel, requiring access to and through the selectivity filter (44, 65) . However, unlike CNG channels, the incomplete block of Kir channels does not typically manifest as a voltage-dependent relief of block, i.e. as increasing conductance at increasing positive voltages, but rather there is a nonzero plateau in the conductancevoltage relationship in the presence of polyamines (47, 62, 78) . The electric field may extend through the inner cavity to the cytoplasmic pore, but is almost certainly most concentrated at the selectivity filter (79) , and therefore such a "standing" conductance, rather than a voltage-dependent relief of block (as seen in CNG channels), is not the predicted outcome of a "punch-through" mechanism involving polyamines traversing the electric field and permeating the channel.
Lu and co-workers (64, 66) have suggested that shorter blockers may not efficiently occlude the channel pore, particularly at shallow sites, and thereby some "slippage" or "bypass" of permeating ions may contribute to the smaller observed effective valence of block by shorter polyamines. Although this idea muddies the original "extended pore filing" concept by implying nonsingle-filing in the cytoplasmic pore, it does suggest an appealing potential explanation of Kir channel rectification that may resolve the above issues. We now propose a hybrid model, which we will term the "cavity-trapping" model ( Fig.  2B) . The essential features of the model are that steeply voltagedependent polyamine block does require entry of the polyamine into the inner cavity of the channel, and it is only from this location that spermine displaces multiple resident potassium ions across the selectivity filter to achieve the relevant voltage dependence of block. The model requires the following: 1) that there be single filing of ions (including polyamines) into the inner cavity of Kir channels, and 2) that it is the inner cavity that contains the necessary number of K ϩ ions to achieve highcharge movement across the filter. We suggest that this will be essentially the same number of soluble cations as there are negative charges on the cavity surface; hence, there should be at least four K ϩ ions in the inner cavity with four acidic charges at the rectification controller, but perhaps not even one with neutral rectification controller residues. At first glance, these two premises of the model run counter to two long-held assumptions: 1) that when open and conducting, the entrance to the inner cavity should be wide, and 2) that the inner cavity may contain just one, centrally located, potassium ion. However, there is little or no evidence to support either of these assumptions.
First, in all crystallized Kir channel structures, the pore is narrow at the bundle crossing region, such that K ϩ ions would be excluded sterically from passing through. Even when charges introduced at this location generate constitutively open channels (80) , or when all recognized gating requirements are met by mutation and phosphatidylinositol 4,5-bisphosphate binding (75) , crystal structures are still so narrow as to require single ion filing at the bottom of the TMD.
Second, exactly how many cations are present in the inner cavity is a largely unaddressed issue. Although the inner cavity volume is such that even a single K ϩ ion within it will be at an effective concentration of ϳ1 M, far higher than the bulk solution, if the "rectification controller" residues are all charged, then four counter charges must also be present. There are multiple lines of evidence that the acidic rectification controller residues must be charged. (i) Asparagine or glutamine side chains cannot substitute for aspartate or glutamate (81) . (ii) The valence and potency of spermine-dependent rectification are dependent on the exact number of acidic charges at the rectification controller (82, 83) . (iii) The voltage dependence of rectification is halved if only two acidic residues are present (e.g. in dimeric construct channels (57)) or if four acidic residues are present, but two positively charged moieties are also introduced into the inner cavity above the rectification controller by cysteine modification (84) . (iv) methyl thiosulfhydryl triethylamine (MTSET ϩ ) modification of the inner cavity below the rectification controller causes kinetic trapping of spermine but no reduction of voltage dependence (84) . With compelling evidence that spermine 4ϩ enters the inner cavity, it is reasonable that, when absent, four other positive charges, i.e. four K ϩ ions, must be present.
The "cavity-trapping" model could provide a ready explanation for the failure to identify bound polyamines in the channel. First, because the model depends only on the net negativity in the inner cavity to determine the steepness of rectification, it can explain insensitivity of rectification to the exact location of the "rectification controller" charges within the inner cavity (57) . Because it assumes that spermine in the inner cavity replaces mobile potassium ions, the polyamine need not occupy any single position. In addition, the model does not require that the polyamine gain access to the selectivity filter itself, and hence, even in a maximally blocked channel, K ϩ ions may be present in the filter. In these features, the model encompasses many of those in the "extended pore-filing" model but restricts the action to the inner cavity, explaining why mutations below this level, or even introduction of positive charge within the inner cavity but below the rectification controller (84) , act primarily on polyamine access and not affinity. The model can also provide a ready explanation for "standing" conductance (i.e. incomplete block) in the maximally blocked channel: if the polyamine fails to replace all K ϩ ions in the inner cavity, i.e. if the inner cavity negativity is enough to hold more than four K ϩ ions or if shorter polyamines do not provide sufficient (i.e. ϩ4) charges, then there may still be residual K ϩ ions within the cavity in addition to the polyamines, and a fixed "slippage" conductance of K ϩ ions past the polyamine into and through the filter could result. For very long diamines, even though K ϩ ions would be required to follow the spermine into the cavity to maintain charge balance, the steric bulk of the molecule might be sufficient to force a similar number of K ϩ ions to leave the cavity as when spermine enters. In contrast, for polyamine analogs that contain a bulky headgroup, the polyamine tail may gain access to the inner cavity, displacing K ϩ ions and causing inward rectification, but the head may block the entrance, thereby obviating any "slippage" conductance, as seen for instance in philanthotoxin block of Kir2 (44) or Kir4 channels (47) .
THEMATIC MINIREVIEW: Polyamines and potassium channels
Physiological and pathological relevance of polyaminedependent rectification
Cellular polyamine levels and Kir channel rectification
Polyamines have been of interest as cellular metabolites since they were first discovered by van Leeuwenhoek in the 17th century. Acting as stabilizers for DNA structure (85) , they are essential for normal and neoplastic cell growth and remain of great interest in cancer biology (86) , as well as in autoimmune diseases (87) , but their involvement in many cellular processes may be related to their ion channel-blocking effects. Only nanomolar to micromolar concentrations of free polyamines are needed to reproduce the degree of potassium channel inward rectification seen in intact cells (41, 88, 89) , and induction of inward rectification may be the most potent physiological property of polyamines. Although cellular polyamines are typically highly buffered, total cellular polyamine concentrations (10 -10,000 M) (90) are sufficient to cause very strong rectification of Kir channels. Given the steep voltage dependence of polyamine block, it is likely that free cytoplasmic concentrations are always high enough to affect the degree of channel block somewhere within the membrane potential range traversed during an action potential (Ϫ70 to ϩ30 mV) and that alterations of polyamine levels will therefore alter excitability. Fakler et al. (41) demonstrated that inclusion of ATP in the whole-cell patch-clamp pipette could relieve inward rectification of Kir2.1 channels, consistent with chelation of free polyamines. Bianchi et al. (91) demonstrated relief of inward rectification of endogenous currents in RBL-1 cells after treatment with an inhibitor of the polyamine synthetic enzyme S-adenosylmethionine decarboxylase. Such treatment resulted in increased cellular putrescine and decreased spermidine and spermine levels, with a shallowing of the I-V relationship and significantly increased outward Kir currents. We observed similar effects in Xenopus oocytes expressing Kir2.1 channels (92) and utilizing a Chinese hamster ovary cell line that is deficient in ornithine decarboxylase activity and requires putrescine in the medium for normal cell growth (93) . We also demonstrated changes in rectification of expressed Kir2 (Kir2.3) channels, as a result of polyamine depletion (92) . In these cells, removal of putrescine from the medium leads to a gradual decline in intracellular levels of putrescine, then spermidine, and finally spermine, and these changes correlate with alterations in channel-blocking kinetics predicted by excised-patch experiments with varying polyamine concentrations. The effects of altered polyamine levels on inward rectification and excitability in intact tissues are largely unexplored, but in the hearts of mice overexpressing ornithine decarboxylase (94), IK1 density was reduced but, surprisingly, the voltage dependence of rectification was essentially unchanged, despite putrescine and cadaverine levels being highly elevated (35-fold) and spermidine increased by 3.6-fold (although spermine was essentially unchanged). IK1 currents were also studied in myocytes from Gyro mice in which spermine synthase is disrupted, leading to a complete loss of spermine. In this case, IK1 current densities were not altered, but the steepness of rectification was reduced (94), demonstrating the role of spermine in controlling rectification. Intracellular dialysis of myocytes with putrescine, sper-midine, or spermine caused reduction, no change, and an increase of the steepness of rectification, respectively (94) . Taken together with kinetic analysis of IK1 activation, these results are consistent with spermine being a major rectifying factor at potentials positive to the potassium reversal potential (EK), spermidine dominating at potentials around and negative to EK, and putrescine being of lesser significance in rectification in the mouse heart.
Clinical relevance of inward rectification
Gyro mice demonstrate that even when spermine synthase is completely absent, the homeostatic maintenance of other polyamines ensures that even though rectification is affected (94) , it is never likely to be fundamentally absent. Whether changes in inward rectification play any significant role in the pathologies resulting from altered polyamine metabolism, such as Snyder-Robinson syndrome, in which spermine synthase is disrupted, (95) remains unclear. Conversely, a consequence of altering rectification by genetic mutation of the Kir channel has been demonstrated (96) . Although humans bearing Kir2.1 loss-offunction mutations suffer from Anderson-Tawil syndrome (97) , characterized in part by long QT intervals on the electrocardiogram, heterozygous neutralization of the Kir2.1 "rectification controller" (mutation D172N) in two affected individuals resulted in a gain-of-function relief of rectification and increased Kir2.1 potassium current during the action potential (96) . This prematurely shortens the action potential, leading to short QT syndrome (SQT3) (8) . This predicts a steeper steadystate restitution curve for SQT3 patients, which may predispose them to reentrant arrhythmias (8) .
It remains an unexploited possibility that pharmacological manipulation of polyamine levels in specific tissues might be an approach to treatment of disorders of excitability by altering voltage dependence of potassium channel activity. An enormous number of polyamine derivatives have been developed (98, 99) , but pharmacological approaches to modulate strong inward rectifier potassium channels, in general, and to exploit polyamine-dependent rectification, in particular, have not been very forthcoming. However, a few polyamine analogs with wellunderstood actions in other channels may have additional specific effects in Kir channels related to polyamine block. Memantine is a blocker of glutamate receptor channels but also suppresses Kir current amplitude in apparent competition with spermine, causing cell depolarization (100) . The antiarrhythmic drug propafenone blocks human cardiac Kir2 channels, apparently by decreasing the negative electrostatic charge sensed by polyamines within the cytoplasmic pore (101). Propafenone-induced block was markedly increased at lower intracellular [K ϩ ] and decreased at more positive voltages, resulting in effective reduction of inward rectification, consistent with propafenone binding within the cytoplasmic domain in such a way that it decreased the net negative charge sensed by K ϩ ions and polyamines.
Perspective and prospects
Expression cloning of the first inward rectifier channel genes 25 years ago led to elucidation of the structural basis of classical anomalous rectifiers, G-protein-activated potassium channels, THEMATIC MINIREVIEW: Polyamines and potassium channels and ATP-sensitive potassium channels. High-level expression of these cloned channels permitted the molecular basis of inward rectification-voltage-dependent block by polyaminesto be substantially defined. Despite that, a completely satisfying structural basis of polyamine-Kir channel interaction has been elusive. Although it is currently no more than a hypothesis, we hope that the new "cavity-trapping" model we propose will spur efforts to test it and that these efforts may help solve the longstanding question of where the fundamentally steep voltage dependence of inward rectification arises. From a physiological and clinical perspective, the possibility that alterations in polyamine levels during altered physiological or pathophysiological conditions might affect cellular excitability by altering Kir channel rectification is also still underexplored. Although short QT syndrome has been shown to result from a mutation that decreases the cardiac Kir2.1-dependent IK1 channel rectification, pharmacological exploitation of polyamine-dependent rectification is also still an unattained goal.
